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ABSTRACT

Combination antiretroviral therapy (cART) administered shortly after human immunodeficiency virus type 1 (HIV-1) infection
can suppress viremia and limit seeding of the viral reservoir, but lifelong treatment is required for the majority of patients.
Highly potent broadly neutralizing HIV-1 monoclonal antibodies (MAbs) can reduce plasma viremia when administered during
chronic HIV-1 infection, but the therapeutic potential of these antibodies during acute infection is unknown. We tested the abil-
ity of HIV-1 envelope glycoprotein-specific broadly neutralizing MAbs to suppress acute simian-human immunodeficiency virus
(SHIV) replication in rhesus macaques. Four groups of macaques were infected with SHIV-SF162P3 and received (i) the CD4-
binding-site MAb VRC01; (ii) a combination of a more potent clonal relative of VRC01 (VRC07-523) and a V3 glycan-dependent
MAb (PGT121); (iii) daily cART, all on day 10, just prior to expected peak plasma viremia; or (iv) no treatment. Daily cART was
initiated 11 days after MAb administration and was continued for 13 weeks in all treated animals. Over a period of 11 days after a
single administration, MAb treatment significantly reduced peak viremia, accelerated the decay slope, and reduced total viral
replication compared to untreated controls. Proviral DNA in lymph node CD4 T cells was also diminished after treatment with
the dual MAb. These data demonstrate the virological effect of potent MAbs and support future clinical trials that investigate
HIV-1-neutralizing MAbs as adjunctive therapy with cART during acute HIV-1 infection.

IMPORTANCE

Treatment of chronic HIV-1 infection with potent broadly neutralizing HIV-1 MAbs has been shown to significantly reduce
plasma viremia. However, the antiviral effect of MAb treatment during acute HIV-1 infection is unknown. Here, we demonstrate
that MAbs targeting the HIV-1 envelope glycoprotein both suppress acute SHIV plasma viremia and limit CD4 T cell-associated
viral DNA. These findings provide support for clinical trials of MAbs as adjunctive therapy with antiretroviral therapy during
acute HIV-1 infection.

Virological events in the first weeks following human immuno-
deficiency virus type 1 (HIV-1) transmission set the stage for

lifelong chronic infection that remains incurable with currently
available combination antiretroviral therapy (ART) (cART), due
at least in part to the early establishment of viral reservoirs, includ-
ing latently infected cells, that persist despite cART and can give
rise to recrudescent infection when treatment is interrupted. A
major hurdle to eradicating infection is the early establishment of
persistent viral reservoirs. Clinical cohorts of patients who are
diagnosed with HIV-1 infection during this early acute phase pro-
vide a unique opportunity to modify the course of disease and
better understand how viral reservoirs are established. While ini-
tiation of cART during Fiebig stages I to III limits residual cell-
associated viral DNA levels (1, 2), current antiretrovirals act by
blocking new rounds of infection and are thus limited in their
ability to affect populations of already infected cells that can con-
tribute to viral reservoirs. Moreover, recent evidence from exper-
imentally infected rhesus macaques indicates that seeding of viral
reservoirs can occur before the advent of detectable viremia (3).
While ways to induce virus expression from latently infected cells

to facilitate elimination by immune-mediated cytotoxic or viral
cytopathic mechanisms are being actively explored, their efficacy
remains to be demonstrated (4–7). Alternative treatment options
are needed, with particular focus on agents capable of targeting
already infected cells.
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The recent isolation from chronically infected patients of po-
tent broadly neutralizing monoclonal antibodies (MAbs) specific
for HIV-1 envelope glycoproteins creates new possibilities for
therapeutic agents (8–11). In addition to direct neutralization of
virus, antibodies can facilitate the recognition and elimination of
infected cells through Fc-mediated mechanisms such as antibody-
dependent cell-mediated cytotoxicity and complement-mediated
lysis (12–14). In rhesus macaque and humanized mouse animal
models of simian-human immunodeficiency virus (SHIV) and
HIV-1 infection, respectively, HIV-1 MAbs have been shown to be
effective as both immunoprophylactic and immunotherapeutic
agents (15–20). It has also been suggested that the number of
infected cells is reduced by MAb therapy in chronically infected
animals (15, 17). These studies led to the initiation of clinical trials
testing the safety and efficacy of MAbs for both the prevention and
treatment of HIV-1 in humans (21–27). A recent report on the use
of 3BNC117 to suppress viremia in chronically HIV-1-infected
individuals validates the animal data and provides a rationale for
the use of MAb therapy against HIV-1 infection (28). However,
the impact of MAbs administered during early acute infection on
virus replication, reservoir establishment, and adaptive immune
responses is not known.

Here, we assessed the therapeutic activity of a single MAb, or a
combination of two more potent MAbs, during early acute SHIV-
SF162P3 infection in rhesus macaques. The single-CD4-binding-
site-directed MAb VRC01 was chosen because it is currently being
studied in human clinical trials. The combination of VRC07-523
and PGT121 (VRC07-523�PGT121) was chosen because both
MAbs are under clinical development. VRC07-523 is an engi-
neered variant related to VRC01 that is 5- to 10-fold more potent
(29, 30). PGT121 is a potent MAb directed to the V3-glycan su-
persite region of Env (31). We found that acute viremia was sig-
nificantly reduced by a single infusion of either VRC01 or a com-
bination of VRC07-523 and PGT121 and that the dual-MAb
therapy regimen dramatically diminished viral replication simi-
larly to daily three-drug cART.

MATERIALS AND METHODS
SHIV infection and treatment. Indian-origin rhesus macaques were ran-
domly assigned to each treatment group and challenged intravenously
with 20 50% tissue culture infective doses (TCID50) of SHIV-SF162P3.
cART consisted of 20 mg/kg of body weight/day 9-[2-(phosphonome-
thoxy)propyl]adenine (PMPA; tenovir) (given subcutaneously) (Gilead
Sciences, CA), 30 mg/kg/day emtricitabine (FTC) (given subcutaneously)
(Gilead Sciences), and 100 mg raltegravir twice daily (mixed with food)
(Isentress; Merck, NJ). Animal weights ranged from 3.35 to 4.49 kg. For
the antibody infusions, a low-endotoxin preparation (�1 endotoxin unit
[EU]/mg) of antibodies was intravenously administered once at 40 mg/kg
(VRC01) or 20 mg/kg each of VRC07-523 and PGT121. All animal exper-
iments were reviewed and approved by the Animal Care and Use Com-
mittee of the Vaccine Research Center, NIAID, NIH, and all animals were
housed and cared for in accordance with local, state, federal, and institute
policies in an American Association for Accreditation of Laboratory An-
imal Care-accredited facility at the NIH. Research was conducted in com-
pliance with the Animal Welfare Act and other federal statutes and regu-
lations relating to animals and experiments involving animals and adheres
to principles stated in the Guide for the Care and Use of Laboratory Animals
(32).

Viral load. For plasma simian immunodeficiency virus (SIV)/SHIV
RNA load measurements, RNA was extracted from 500 �g of plasma on a
QIASymphonyXP laboratory automation instrument platform using Qia-
gen DSP Virus/Pathogen Midi kits and eluted in a 90-�g solution. Ran-

dom-primed reverse transcriptase (RT) reactions were performed in 384-
well plates using 5-�g aliquots of the eluted RNA per reaction mixture
with 10 �g of a reaction cocktail containing 20 �g/ml random hexamers
and 500 �M each dATP, dCTP, dGTP, and dTTP with 20 U/reaction
mixture of SuperScript II, 10 U/reaction mixture of RNaseOUT, and 1
mM dithiothreitol (DTT) in 1� PCRII buffer with 0.02% Tween and 5
mM MgCl2 in molecular-biology-grade water, using a thermal profile of
15 min at 25°C, 45 min at 42°C, 15 min at 90°C, and 30 min at 25°C,
followed by a 4°C hold. For PCR amplification, 10 �g of the PCR cocktail
was added to the RT products of each well. The PCR cocktail contained 4.5
mM MgCl2, 45 nM ROX reference dye, and 1 U/reaction mixture of Eagle
Taq polymerase (Roche) in 1� PCRII buffer in molecular-biology-grade
water with 600 nM (each) the SIV/SHIV gag-specific primers P21 [5=-GT
CTGCGTCAT(dP)TGGTGCATTC-3=] and P22 [5=-CACTAG(dK)TGT
CTCTGCACTAT(dP)TGTTTTG-3=] and the 6-carboxyfluorescein
(FAM)-labeled probe P23 [5=-FAM-CTTC(dP)TCAGT(dK)TGTTTCAC
TTTCTCTTCTGCG-BHQ1] (where dP and dK are modified P and K
bases [Glen Research] and BHQ1 is black hole quencher 1 [Biosearch
Technologies]). Thermal cycling conditions were 95°C for 10 min fol-
lowed by 45 cycles of 95°C for 15 s and 1 min at 60°C, using a Life Tech-
nologies Viia7 real-time PCR system. Six replicate reactions were per-
formed for each sample. If all six reactions gave positive results, the SIV/
SHIV RNA copy number per reaction was determined by averaging the
values determined for each reaction based on interpolation of the mea-
sured threshold cycle (CT) values onto a standard curve of input template
copy number versus CT performed with each assay. To express results as
nominal SIV/SHIV RNA copy numbers per milliliter of plasma, values
were corrected based on the determined per-reaction copy numbers and
the volume equivalent of plasma assayed in each reaction. If not all six
reactions gave positive results, the copy number was estimated based on
Poisson frequency statistics, corrected for input specimen volume. The
threshold sensitivity of the assay was 30 SIV/SHIV RNA copies/ml of
plasma.

Monoclonal antibodies. All antibodies were made by transient
cotransfection of 293Expi cells with expression plasmids for the heavy and
light chains for each antibody. All antibodies contained human constant
and variable regions. Plasma antibody levels were quantitated by using
enzyme-linked immunosorbent assays (ELISAs). An anti-idiotype anti-
body was used as a capture protein for CD4-binding-site-specific MAbs
VRC01 and VRC07-523, while ST09, a scaffold protein displaying the V3
glycan-binding site (33), was used for V3 glycan-specific MAb PGT121.
Bound MAbs were detected by a horseradish peroxidase (HRP)-conju-
gated anti-human IgG conjugate (Southern Biotech). Neutralization as-
says were run by using TZM-bl cells and replication-competent SHIV
stocks against serially diluted MAbs or monkey plasma, as previously de-
scribed (34). The neutralization titer was calculated with JMP (SAS Insti-
tute) as the concentration of MAb or dilution of plasma at which either
50% of virus replication was inhibited (50% inhibitory concentration
[IC50] and 50% infective dilution [ID50], respectively) or 80% of virus
replication was inhibited (IC80 and ID80, respectively).

Humoral responses. Detection of endogenous antibodies to SHIV
was performed by using ELISA plates coated with HIV-1 SF162 gp120 or
SIV p27 proteins along with HRP-conjugated mouse anti-monkey IgG
(clone SB108a; SouthernBiotech) with minimal cross-reactivity to human
to avoid detection of infused human MAb.

T cell responses. Peripheral blood mononuclear cell (PBMC) CD4
and CD8 T cell responses were measured by in vitro peptide pool stimu-
lation against HIV-1 EnvB (pool prepared as described previously [35] to
match the HXB2 sequence [GenBank accession no. K03455]) and SIV Gag
(NIH AIDS Reagent Program, Germantown, MD). Briefly, 1 � 106 to 3 �
106 cells were stimulated for 6 h with 2 �g/ml peptide or dimethyl sulfox-
ide (DMSO) (vehicle). Stimulated cells were stained for intracellular cy-
tokine expression as outlined previously (36). The following monoclonal
antibodies were used: CD4-BV421 (clone OKT4; BioLegend), CD8-
BV570 (clone RPA-T8; BioLegend), CD69-ECD (clone TP1.55.3; Beck-
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man Coulter), CD3-Cy7APC (clone SP34.2; BD Biosciences), gamma in-
terferon (IFN-�)-APC (clone B27; BD Biosciences), interleukin-2 (IL-2)-
phycoerythrin (PE) (clone MQ1-17H12; BD Biosciences), and tumor
necrosis factor (TNF)-fluorescein isothiocyanate (FITC) (clone Mab11;
BD Biosciences). An Aqua Live/Dead kit (Invitrogen, Carlsbad, CA) was
used to exclude dead cells. All antibodies were previously titrated to de-
termine the optimal concentration. Flow cytometric data collection was
performed with a modified BD LSR II instrument, and data were analyzed
by using FlowJo and SPICE 5 (NIAID) software.

Cell-associated viral DNA. Lymph node (LN) and peripheral blood
mononuclear cells were stained with fluorescent conjugated CD4-
Cy5.5PE (clone S3.5; Invitrogen), CD8-QD655 (clone RPA-T8; VRC),
CD3-Cy7APC (clone SP34.2; BD Biosciences), CD95-Cy5PE (clone DX2;
BioLegend), CD28-Alx594 (clone CD28.2), CXCR5-APC (clone
MU5UBEE; eBioscience), PD-1–BV421 (clone eBIOJ105), IL-7 receptor
(IL-7R)-PE (clone R34.34; BD Biosciences), and CD45RA-Cy7PE (clone
L48; BD Biosciences) antibodies and fixed in 1% paraformaldehyde. CD4
T cell subsets were sorted on a FACSAria instrument (Becton, Dickinson),
pelleted by centrifugation, and lysed in proteinase K (Roche) for 60 min at
55°C for genomic DNA extraction, followed by 5 min at 95°C to inactivate
the enzyme. SIV gag DNA was measured by real-time quantitative PCR
(qPCR) for 20,000 cells in duplicate, and the number of copies was calcu-
lated based on parallel quantitation of a standard dilution of 3D8 cells
containing a single copy of integrated SIV genomic DNA (37). qPCR was
performed by using Platinum Taq polymerase according to the manufac-
turer’s instructions (Life Technologies), with SIV gag qPCR primer and
probe sequences as previously described (38). SIV gag copy numbers were
normalized to rhesus albumin gene (alb) copy numbers detected by qPCR
DNA using a 10-fold dilution of the rhesus B lymphoblastoid BLCL-C162
cell line (NIH Nonhuman Primate Reagent Resource) as the standard, as
follows: (gag copies)/(alb copies) � 2(alb copies)/cell. Undetected gag
copies in qPCRs were assigned values equivalent to 10% of the lowest
detected amount in all measured samples by using the following formula:
0.1 � (lowest gag quantity detected)/(Alb quantity).

Statistics. Determination of statistical differences for viremia and cell-
associated proviral DNA measurements was performed by one-way anal-
ysis of variance (ANOVA), followed by unpaired two-tailed t tests on
log-transformed data between individual study groups if the ANOVA
achieved a P value of �0.05.

RESULTS
Infused-antibody levels. To model the impact of HIV-1 Env-spe-
cific MAbs administered during Fiebig stages I to III as a potential
therapeutic strategy, rhesus macaques received a single infusion of
antibody �3 days prior to expected peak viremia following intra-
venous SHIV-SF162P3 infection (20 TCID50) (Fig. 1A). We com-
pared two MAb regimens, (i) VRC01 (40 mg/kg) and (ii) a
combination of VRC07-523 plus PGT121 (20 mg/kg each), to a
three-drug cART regimen (tenofovir, emtricitabine, and raltegra-
vir) providing stable suppression to �30 gag RNA copy equiva-
lents (Eq)/ml and a control group of untreated macaques. Ani-
mals were treated on day 10 with daily cART (n � 6), a single
infusion of MAb VRC01 (n � 6), or a single infusion of two MAbs
together (VRC07-523�PGT121) (n � 6). cART was added for the
MAb-treated groups 11 days later. VRC07-523, like VRC01, is
specific for the CD4-binding site but is 10-fold more potent at
neutralizing SHIV-SF162P3 (Table 1). Similarly, the V3 glycan-
dependent MAb PGT121 is �15-fold more potent than VRC01
and was selected for use in combination with VRC07-523 to target
multiple Env epitopes.

To confirm that the infused MAbs achieved effective titers in
vivo, we measured their concentrations in plasma longitudinally
for each animal. VRC01, VRC07-523, and PGT121 were all main-

tained in plasma at levels exceeding their corresponding in vitro
neutralization IC80 values against the challenge SHIV strain
throughout the antibody phase of treatment (Fig. 1B). In vivo
concentrations peaked 1 day following infusion at 270 to 390
�g/ml for VRC01, 130 to 170 �g/ml for VRC07-523, and 80 to 200
�g/ml for PGT121. MAb levels declined to �0.04 �g/ml in plasma
at 11 to 70 days postinfusion, with the exception of one animal
that sustained 3 �g/ml of PGT121 in circulation at day 70. Con-
sistent with the larger quantity of VRC01 infused, VRC01
achieved higher absolute concentrations than either VRC07-523
or PGT121 (Fig. 1B and C). However, VRC07-523 and PGT121
exceeded their respective IC80s by 15- to 1,000-fold and 70 to
1,000-fold, respectively, during the MAb treatment window, com-
pared to 1.6- to 45-fold for VRC01. This difference reflects the
greater potency of VRC07-523 and PGT121 than of VRC01
against SHIV-SF162P3 (Table 1).

The neutralization activity of recipient animal plasma was
measured to ensure that the circulating infused MAbs remained
capable of neutralizing SHIV-SF162P3. Neutralizing titers (ID80

values) of plasma during the antibody phase were 10- to 15-fold
higher with the combination of VRC07-523 and PGT121 than
with VRC01 alone (Fig. 1D). Again, this is consistent with the
higher potency of VRC07-523 and PGT121 than of VRC01 against
SHIV-SF162P3 challenge. Predicted plasma neutralization titers
derived from the absolute MAb concentrations in plasma and ob-
served in vitro neutralization activities of the VRC01, VRC07-523,
and PGT121 MAbs were within 2- to 3-fold of measured values for
the VRC01 group and the VRC07-523�PGT121 group and thus
were within the limits of variation of the assays.

As expected, animals mounted humoral responses to the in-
fused human antibodies. Anti-MAb antibodies were detected in
plasma 2 to 3 weeks after infusion, and their levels plateaued 2
weeks thereafter (Fig. 1E). These responses correlated with clear-
ance of the MAbs from systemic circulation in the animals.

Impact of passive MAb immunotherapy on acute-stage
viremia. After SHIV inoculation, plasma viremia levels were sim-
ilar across all study groups prior to treatment (P 	 0.05) (Fig. 2A
and B). Following therapy initiation at day 10, the MAb and cART
regimens reduced viremia compared to the control group. From
days 10 to 21, this was manifested by a 1- to 1.5-log10 reduction in
peak plasma viral loads and decreased total viral replication dur-
ing the initial 11-day treatment window relative to controls (P �
0.05) (Fig. 2C and D). Thus, all three therapeutic regimens signif-
icantly curtailed acute viral replication. The reduction in viremia
was particularly striking following VRC07-523�PGT121 treat-
ment, with up to a 1,000-fold decrease compared to untreated
infection at days 17 and 21, similar to cART (Fig. 2B). This was
further manifested by a greater decay in viremia between peak
viremia and day 21 for these therapies (Fig. 2E). Treated groups
did not significantly differ from one another with respect to peak
viremia and total viral replication from days 10 to 21 (P 	 0.05),
while viremia decay was greater with cART or VRC07-
523�PGT121 than with VRC01. These data suggest that viremia
reduction by VRC01 was more limited than that by VRC07-
523�PGT121 in the period after peak viremia.

Given the limited half-life of infused human antibodies in rhe-
sus macaques in vivo, estimated at �7 days for VRC01 (39), cART
was commenced in MAb-treated animals beginning 11 days after
MAb administration to sustain virus suppression for continued
monitoring of viral replication and reservoir establishment.

Acute SHIV Passive Immunotherapy with HIV-1 Env MAbs
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Plasma viremia levels declined to �30 copy Eq/ml in all animals
following ART initiation. Control was rapid in animals that ini-
tially received VRC07-523�PGT121, achieving undetectable
viremia within 7 days. The kinetics of cART-mediated suppres-
sion was more variable in VRC01-pretreated animals, with a lon-

ger delay for suppression to �30 copy Eq/ml, ranging from 1 to 7
weeks (Fig. 2A).

Adaptive immune responses. Decreased viral antigen levels
following therapy initiated during acute infection could lead to a
reduction in the magnitude of the endogenous SHIV-specific
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adaptive immune response. We measured humoral and cellular
responses to HIV-1 Env and SIV Gag to assess the impact of ther-
apy on these responses. SIV Gag-specific antibody responses were
reduced by all early treatments compared to control animals (day
21) (Fig. 3A). The diminution was sustained after cART initiation
following MAb infusion, with no differences between treatment
groups throughout the study. HIV Env-specific responses, in con-
trast, were not decreased in treated animals during the first month
of infection (Fig. 3B). Only after prolonged viremia suppression, 8
to 10 weeks postinfection, were Env-specific antibodies dimin-
ished in treated animals. During this time, titers were higher in
animals that received VRC07-523�PGT121 as the initial therapy
than in those that received ART (P � 0.02 and 0.009 for days 56
and 70, respectively) but were not significantly different between
VRC01 and cART (P 	 0.05). To ensure that the elevated Env-
specific antibody levels reflect adaptive rhesus responses and not
detection of residual infused human MAb, we confirmed that the
anti-rhesus Ig detection reagent used in our assay does not cross-
react with human Ig (data not shown).

Similarly, the frequency of SHIV-specific T cells was reduced
severalfold in treated animals (Fig. 3C and D). Antigen-specific
CD4 and CD8 T cells were measured by in vitro peptide stimula-
tion of PBMC followed by intracellular cytokine staining for
IFN-�, TNF-
, and IL-2. Levels of CD8 T cells targeting SIV Gag
and HIV-1 Env were significantly diminished at 8 and 12 weeks
postinfection, while a similar trend was observed for both CD4
and CD8 T cells following MAb treatment at week 3. Treatment
groups did not differ from one another. This suggests that MAb
therapy was effective at reducing the SHIV antigen load responsi-
ble for stimulating adaptive T and B cell responses and that the
suppression was similar to that seen with cART.

The combination of cytokines expressed by a T cell has been
shown to influence cellular long-term memory potential and re-
newal capacity (40–42). To determine the impact of early therapy
on T cell functionality, we compared the cytokine distributions of
Gag-specific CD4 T cells. Acute-infection response profiles were
significantly different under cART and VRC07-523�PGT121
compared to those for untreated infection (week 3) (Fig. 3E).
Analysis of the individual categories revealed a shift toward IL-2-
expressing cells with these regimens, while VRC01 therapy and no
treatment resulted in responses where only IFN-� or both IFN-�
and TNF-
 were more likely to be expressed (Fig. 3F). These dif-
ferences are consistent with less antigen-driven differentiation of
CD4 T cells under cART or VRC07-523�PGT121 treatment, the
most potent suppressors of viremia. Following viremia suppres-
sion by cART in the VRC01/cART group, CD4 T cell functionality
evolved to be more similar to those of the other treated groups
(weeks 8 to 12) (Fig. 3E and F), while cells from untreated infec-
tion maintained a high proportion of differentiated IFN-�-posi-
tive (IFN-��) TNF-
� cells. Similarly, fewer terminally differen-

tiated single IFN-�� SHIV-specific CD8 T cells were observed
following VRC07-523�PGT121 therapy (week 3) (Fig. 3E and F).
Thus, acute immunotherapy with either VRC07-523 and PGT121
or daily ART facilitated the maintenance of CD4 and CD8 T cell
memory potential.

Cell-associated viral load. A major objective of therapy initi-
ation during acute HIV-1 infection is to reduce the establishment
of a latently infected pool of cells, or reservoir. To determine the
impact of MAb immunotherapy on the number of infected cells,
we measured CD4 T cell-associated viral DNA in lymph nodes and
peripheral blood. CD4 T cells were sorted by using a fluorescence-
activated cell sorter (FACS) into total, naive, central memory, and
T follicular helper (Tfh) (lymph node only) populations (Fig. 4A),
and viral gag (unspliced) DNA was measured by qPCR. The aver-
age proviral burden per cell was calculated by dividing the gag
DNA copy number within each population by the number of cells
analyzed, as determined by the number of alb DNA copies. One
week after treatment initiation (day 18), the normalized level of
SIV gag DNA in lymph node and PBMC CD4 T cells was reduced
with all interventions, compared to untreated controls, to a statis-
tically significant level for most comparisons (P � 0.05) (Fig. 4B
and C). The proviral load decreased by 2- to 200-fold for each CD4
T cell compartment, although the impact of VRC01 treatment on
the lymph node was more variable, and statistical significance was
not achieved for total and Tfh CD4 T cells. There was no signifi-
cant difference between VRC01- and VRC07-523�PGT121-
treated animals with respect to SIV DNA levels from LN or PBMC
on day 18 (P 	 0.05). Of note, VRC07-523�PGT121 treatment
achieved the greatest day 18 reduction in viral load in naive CD4 T
cells from the lymph node, which was less than the assay’s detec-
tion threshold (5E�5 copies/cell), in four of the six animals. After
cART initiation in MAb-treated animals, the decreased level of
cell-associated viral DNA relative to that in the control group was
maintained and remained comparable to that in the group that
received cART only in both LN and PBMC (Fig. 4D). Pretreat-
ment (day 8) PBMC-associated viral DNA levels did not differ
among any of the study groups, indicating comparable baseline
proviral DNA levels.

To determine whether the limited viral reservoir would impair
viral resurgence upon cART interruption, cART was discontinued
16 weeks after infection for all treatment groups. Viremia rebound
was observed for all animals �12 days after cART cessation, with
no difference between the MAb and cART groups with respect to
the time to peak rebound viremia or the magnitude of peak re-
bound viremia (Fig. 5).

DISCUSSION

Therapeutic intervention during the acute stage of HIV-1 infec-
tion has the potential to limit the establishment of viral reservoirs
and improve prospects for success in reservoir-targeting interven-
tions. Our studies show robust in vivo activity of anti-HIV-1
broadly neutralizing MAbs during acute SHIV-SF162P3 infec-
tion. All measured virological parameters, including peak viremia,
post-peak acute viremia, and cell-associated viral load, were re-
duced by dual VRC07-523�PGT121 antibody treatment. While
VRC01 monotherapy also curtailed viral replication, it was less
consistent than VRC07-523�PGT121, in line with the lower po-
tency of this MAb. VRC01 was used alone in this study because it
is planned for use in clinical trials, both as an early HIV-1 immu-
notherapeutic intervention as well as a prophylactic agent to pre-

TABLE 1 Neutralization potency of anti-HIV-1 MAbs

Antibody

SHIV-SF162P3 HIV-1 (	195 strains)

IC50

(mg/ml)
IC80

(mg/ml)
Median IC50

(mg/ml)
Median IC80

(mg/ml)

VRC01 4.28 8.63 0.378 1.01
VRC07-523 0.520 0.975 0.045 0.219
PGT121 0.101 0.190 0.014 0.094
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vent infection. Since SHIV-SF162P3 is �10-fold less sensitive to
VRC01 than most HIV-1 isolates (30, 39), we also used a combi-
nation of MAbs, VRC07-523 and PGT121, with more potent ac-
tivity against SHIV-SF163P3. These two MAbs are being devel-

oped for clinical use and represent potential efficacy against
HIV-1 when two potent MAbs are used together. For therapeutic
purposes, it may also be important to use antibodies to more than
one site to avoid the selection of resistant strains in the setting of
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active virus replication and a diverse swarm of viral genetic vari-
ants.

Recent studies using the new generation of potent HIV-1-spe-
cific monoclonal antibodies in humanized mice, rhesus ma-
caques, and humans demonstrated robust, albeit typically tran-
sient, suppression of chronic viremia (15–17, 28). Early HIV-1
diagnosis prior to the peak of viremia is now feasible in a field
setting and has been achieved in clinical cohorts spanning multi-
ple countries (48). Here, we directly compared MAbs to cART, a
benchmark for effective therapy, during the early phase of acute
viremia, just prior to peak viremia, and observed remarkably sim-
ilar levels of viremia suppression. Viremia was still declining 11

days following VRC07-523�PGT121 infusion, suggesting that
MAb antiviral activity was sustained for over a week. PGT121
alone was previously reported to completely suppress chronic
SHIV viremia (15), and thus, the relative contribution of VRC07-
523 and PGT121 to the suppression observed here will be impor-
tant to assess in future studies. Greater acute viremia control by
the dual-MAb arm than by VRC01 is consistent with more potent
in vitro neutralization of SHIV challenge by both the VRC07-523
and PGT121 MAbs, and thus, in vivo therapeutic efficacy was as-
sociated with neutralization activity. The ability of MAbs to in-
hibit acute virus replication to this extent indicates that they rep-
resent a potent therapy option during the exponential viral growth
phase. To our knowledge, this is the first demonstration of MAbs
suppressing acute virus replication, and since MAbs likely employ
different antiviral mechanisms than drugs, as discussed below,
they have the potential to augment the impact of cART when used
together during acute infection.

While antibody-mediated selection of resistant viral sequences
is an important consideration for passive immunotherapy in
chronic HIV-1 infection (28), we think that immune pressure by
MAbs was unlikely to give rise to less sensitive SHIV variants in
this acute-infection model due to the clonal nature of the chal-
lenge virus and the short 11-day MAb treatment window. Se-
quence analysis of the challenge stock identified a single minor
Env variant, A64W, with no known association with resistance to
the MAbs studied here (data not shown).

Our rhesus macaque animal model likely does not adequately
recapitulate some important aspects of the use of human antibod-
ies in HIV-1 infection. First, fairly rapid macaque immune re-
sponses generated against human antibodies preclude prolonged
antibody activity in vivo. Humoral responses specific for these
MAbs were detected within 3 weeks of infusion in all animals. As a
result, the MAb half-life is more limited in macaques than in hu-
mans. Future studies with simianized antibodies and variants em-
ploying mutations to increase neonatal Fc receptor (FcRn) bind-
ing and persistence in vivo will help address the long-term
potential of MAbs to suppress viral replication (43). Second, some
effector functions in the Fc portion of the human MAb may not be
optimal in rhesus macaques. While both IgG and cell surface Fc�
receptors show considerable sequence similarity between humans
and macaques, there are species differences with respect to Fc�
receptor tissue expression as well as the specificity and affinity for
human IgG (44–46), which may have limited the spectrum of
human MAb-mediated antiviral activities. Third, we used intra-
venous inoculation to establish a model with consistent and rela-
tively synchronous viremia, whereas most human infections are
via a mucosal route. Peak viral loads typically occur slightly earlier
with intravenous challenge than with mucosal delivery.

While cART is the cornerstone of HIV-1 treatment, antibodies
may offer some potential benefits when added to antiretroviral
drugs. Currently available antiretrovirals act only to block new
rounds of infection, whereas MAbs have the potential to inhibit
new rounds of infection through both neutralization and other
virion clearance mechanisms, as well as through the targeting of
infected cells expressing viral antigens, via Fc receptor-mediated
effector functions (e.g., antibody-dependent phagocytosis, cell-
mediated cytotoxicity, and complement-dependent cytotoxicity).
These complementary mechanisms may enable MAbs to further
impair virus replication when used in concert with cART. In ad-
dition, some data suggest limited ART penetration of lymph node
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Fig. 2A.
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(47), and thus, antibodies may have greater access to infected cells
residing in secondary lymphoid tissues than drugs. We observed a
lower frequency of SHIV-infected naive CD4 T cells in lymph
node following VRC07-523�PGT121 treatment than following
cART. However, it is not clear why only naive cells and not other
CD4 T cell subsets would be targeted. For these reasons, it will be
important to measure MAb localization in tissues in future stud-
ies, including an assessment of tissue penetration as a determinant
of MAb antiviral activity. We also saw evidence of enhanced hu-
moral responses during acute infection with MAb therapy versus
cART (Fig. 3), with elevated levels of Env-specific antibodies fol-
lowing either VRC01 or VRC07-523�PGT121 treatment. We
speculate that monoclonal antibody-antigen immune complexes
may thus also aid in the elicitation of the endogenous adaptive
humoral immune response. Antibodies therefore warrant consid-
eration for use in conjunction with cART to enhance the antiviral
activity of drugs.

In summary, our results show that MAb immunotherapy is
effective in controlling acute SHIV replication. Our rhesus ma-
caque model of acute SHIV infection reproduced key aspects of
human HIV-1 infection, including robust peak and set-point
viremia and effective virus suppression by cART. Moreover, our
intent to model interventions in clinical cohorts with early acute
infection, during Fiebig stages I to III, was achieved by initiating
therapy during the days immediately prior to peak viremia. These
data provide a rationale for assessing the efficacy of combined
cART and MAb therapy as well as evaluating efficacy following
mucosal infection to further determine the utility of antibody
therapy. These preclinical studies will inform clinical trials cur-
rently being planned with acutely infected individuals, which will
be required to establish therapeutic efficacy during acute infec-
tion.
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